During the South Pole Ice Crystal Experiment, angular scattering intensities (ASIs) of single ice crystals formed in natural conditions were measured for the first time with the polar nephelometer instrument. The microphysical properties of the ice crystals were simultaneously obtained with a cloud particle imager. The observations of the scattering properties of numerous ice crystals reveal high variability of the ASIs in terms of magnitude and distribution over scattering angles. To interpret observed ASI features, lookup tables were computed with a modified ray tracing code, which takes into account the optical geometry of the polar nephelometer. The numerical simulations consider a wide range of input parameters for the description of the ice crystal properties (particle orientation, aspect ratio, surface roughness, and internal inclusions). A new model of surface roughness, which assumes the Weibull statistics, was proposed. The simulations reproduce the overwhelming majority of the observed ASIs features and trace very well the quasi-specular reflection from crystal facets. The discrepancies observed between the model and the experimental data correspond to the rays, which pass through the ice crystal and are scattered toward the backward angles. This feature may be attributed to the internal structure of the ice crystals that should be considered in modeling refinements.
Introduction
Ice clouds, especially cirrus, play an important role in the energy balance of the earth-atmosphere system through their interactions with solar and terrestrial radiation (Liou 1986 (Liou , 1992 Stephens et al. 1990 ). Their radiative properties are governed by the ice crystals' optical characteristics. The accurate modeling of cirrus single-scattering parameters is of importance in general circulation models (Kristjánsson et al. 2000) . The knowledge of these parameters is the prior condition for the interpretation of remote sensing measurements of cirrus clouds (Labonnote et al. 2000) . Theoretical and numerical techniques, laboratory measurements, and practical applications of light scattering by nonspherical particles were reviewed in the book edited by Mishchenko et al. (2000) . Despite the substantial progress in this domain, the optical characteristics of ice crystals measured in natural conditions are still needed, first of all for validation of numerical techniques and the determination of free parameters of models. Jourdan et al. (2003) reported the statistical characteristics of mixed-phase and cirrus cloud-phase functions obtained from airborne measurements by the polar nephelometer (Gayet et al. 1998 ). The results concern datasets recorded for ensembles of cloud particles, and can be used for validation of techniques that model the phase function of randomly orientated ice crystals. At the same time, because ice particle shape and other characteristics vary greatly, it is difficult to directly compare scattering observations with theoretical simu-lations. Therefore, the assessment of scattering properties related to single ice crystals is of particular interest. Light scattering by single levitated ice crystals was measured by Pluchino (1986) , and by Bacon and Swanson (2000) . Scattering of light from atmospheric ice analogues was reported by Ulanowski et al. (2003) . Lawson et al. (1998) and Barkey et al. (2002) presented phase function measurements related to ice crystals generated in a cloud chamber. However, to our knowledge, scattering properties of single natural ice crystals have not yet been measured.
The aims of this paper are (i) to present typical examples of single ice crystal angular scattering intensities (ASIs) measured for the first time in natural conditions, and (ii) to show the outcomes that were typical for the modeling of the measured ASIs. The instruments and the experimental conditions are described first. The ray tracing technique used to compute the lookup table is presented in section 3. Section 4 is devoted to the fitting of the measured ASIs on the base of the lookup table.
Instrumentation, data processing, and experimental conditions
The South Pole Ice Crystal Experiment (SPICE) was carried out at the Amundsen-Scott South Pole Station (SPS; 2835-m elevation) from 23 January to 5 February 2002. The polar nephelometer (PN) and a Stratton Park Engineering Company Inc. (SPEC) cloud particle imager (CPI; Lawson 1997) were installed on the roof of a small building at the SPS in order to simultaneously measure scattering and microphysical properties of ice crystals (see Fig. 1 ). The PN and the CPI were connected together using a custom-designed plumbing system with inlet funnels to maximize the probability that particles would pass through the sample volumes of both the CPI and PN. A constant flow exhaust fan was connected to the exit region of the PN.
Before the plumbing system was fabricated out of aluminum, the plumbing system and the sample tubes of the CPI and PN were constructed using Plexiglas so that flow within the system could be visualized. A fog generator was used to make a cloud that could be viewed using a laser illumination system. The flow visualization tests showed that the sample air was laminar and passed through both the CPI and PN sensitive volumes. The aluminum plumbing was fabricated and the flow rate through the system was measured using miniature pitot tubes. The velocity profiles were measured in the sample volumes of the CPI and PN. It was shown that the velocity profiles in each instrument are relatively flat and the measurements were repeatable. The uncertainty in the size-dependent acceptance of the inlet was not quantified.
The same volume of air populated with ice crystals was passing through both instruments with a linear airspeed of about 34 and 11 m s Ϫ1 at the CPI and PN sampling volumes, respectively. Because the two instruments have different sampling areas (0.5 and 0.039 cm 2 for the PN and CPI instruments, respectively) that are spaced at 70 cm, the respective measurements cannot address the same ice crystals (the probability of the coincident particle-by-particle events is low). Nevertheless, the extinction coefficients calculated from the data of both the polar nephelometer and the cloud particle imager and smoothed with a 9-s moving window were compared. The results (not shown here) highlight a very good linear correlation (0.90) between the two independent measurements. This means that the two instruments sampled statistically the same populations of ice particles.
a. Polar nephelometer
The optical scheme of the polar nephelometer (Gayet et al. 1997 ) is shown in Fig. 2 . The ice crystals are pushed through the volume scattering chamber and intersect a collimated laser beam (operating at the wavelength of 0.8 m) near the focal point of a paraboloidal mirror. The cross section of the laser beam has a circular shape and the intensity profile is approximately rectangular. The scattered intensities are measured at scattering angles from about 5°to 169°by two rows of photodiodes located in the upper and lower parts of a circular array (see Fig. 2 ). Therefore, the PN provides the angular scattering intensities as a two-dimensional scattering pattern defined by the scattering angle and by the azimuthal angle . The last one takes only two values that differ by 180°. Accordingly, the notations upward and downward angles will be used to indicate the dependence on the azimuthal angle of ASIs. Scattering phase functions related to an ensemble of randomly oriented ice particles do not depend on the azimuthal angle. In this case, ASIs measured at the upward and downward angles are identical and the scattering properties can be described between 5°and 169°(see, e.g., Auriol et al. 2001 ). On the contrary, for single ice crystal sampling, the upward and downward ASIs have mostly different magnitude and distribution over scattering angles, and depend on the orientation of the ice crystal in the sampling volume. Consequently, the PN provides additional important information related to the two azimuthal angles when single nonspherical particles are measured.
The data acquisition system of the polar nephelometer is designed to provide a continuous sampling volume by integrating the measured signals of each detector at a selected period. For instance the sampling volume () is determined by the sampling area (10-mm long and 5-mm diameter beam) multiplied by the airspeed (approximately 11 m s Ϫ1 ), that is, 5.5 cm 3 for the acquisition frequency of 100 Hz. Because the concentration of ice crystals measured by the CPI during the considered time sequence was typically lower than 0.15 cm Ϫ3 , single ice particles were measured. Figure 3 displays an example of time series (500 m s Ϫ1 duration) of the raw intensities measured at scattering angles of 15°, 92°, and 155°, respectively. The results clearly evidence individual peaks, which characterize single particle events. These peaks are superimposed on background signals (or zero baselines), which are due to both electronic and optical noises. As exemplified on Fig. 3 , the background signals depend on the scattering angles and are ranged from about 5% (of the signal dynamical range) for the smallest forward and largest backward angles to 0.5% for the sideward angles. Also, there are low frequency variations (not shown) of the background signals. Those variations are substantial for measurements with a low signal-to-noise ratio. The wavelet denoising technique (see, e.g., Rao and Bopardikar 1998) was employed to compute time series of the background signals at each channel. The accuracy of the ASIs measurements was significantly improved by removing the time-dependent background signals. In addition, a special routine was used in order to check whether the registered signals from a particle are within the linear range of the detectors. The ASIs of that particle were rejected if a signal at any angle did not satisfy that condition. Table 1 summarizes the scattering angles and the accuracies of the measured intensities. The accuracies were estimated by considering the variations in results of calibration that was performed several times, the noise of the photodiodes, the errors of the digitizing, the variations of the particle position within the sensitive volume, and the laser beam divergence that caused 
the much higher measurement errors at the small forward and large backward angles. The optical aperture of the receivers at the angles Ͻ15°is smaller than that one at other angles, which increases the sensitivity of the measurements to the particle position and, therefore, errors at the small angle range. Concerning the possible effect on results of particle spinning, it should be noticed the following. Passing through the sensitive volume within the time period of ϳϽ0.45 m s Ϫ1 , a particle has to revolve at the angular speed of 12 rev s Ϫ1 so that the rotation deflects the scattered light at the angle equal to the field-of-view of the detectors (i.e., 2°). Since the flow through the sample tubes was laminar, the spinning of particles was much lower than 12 rev s Ϫ1 , and the subsequent errors can be neglected.
During SPICE experiment, there were available 26 upward and 9 downward channels (see Table 1 ). The measurements were limited to nonpolarized light. Because of the calibration procedure (Gayet et al. 1997) , the absolute values of ASIs were measured. That provides possibility to estimate size of a particle. The PN integrated signals during an acquisition period (0.01 s), which included the time interval (ϳϽ0.45 m s Ϫ1 ) when a particle was within the sensitive volume. The size of the particles was estimated with the assumption that they passed the sensitive volume along the diameter of the cross section. The value of the size, listed in Table  3 , should be considered as the lower bound. If the particle passed outside the diameter, the crystal should be larger to give the same scattered energy being n the sensitive volume shorter period of time.
b. Cloud particle imager
The CPI casts an image of a particle on a solid-state, one-million-pixel digital charge-coupled device (CCD) camera by freezing the motion of the particle using a 40-ns pulsed, high-power laser diode (Lawson et al. 2001) . A particle detection system (PDS) with upstream lasers precisely defines the focal plane so that at least one particle in the image is almost always in focus. Each pixel in the CCD camera array has an equivalent , and this is the sample rate used to compute particle concentrations presented in this work. However, ice particles have inertia and are affected by gravity differently than the air. That is, particles do not completely follow the airflow. This results in large uncertainties in the measurement of the PDS, total concentration, extinction, and mass content. It was observed, by varying the orientation of a CPI, that the measurements were sensitive to the instruments' orientation relative to the wind. Pointing a CPI into the wind, which is how nearly all the data was collected, seemed to maximize the number of small particles observed. Pointing vertically maximized the number of large precipitation particles observed. Since there was no way to make quantitative measurements of the uncertainty in particle flow rate, we cannot quote uncertainties in ice crystal concentration measurements. Furthermore, the probability of triggering the CPI's PDS increases with particle size. However, given the large uncertainties just discussed and because the PN must also have a roll off with decreasing size as well, for the data presented herein, no adjustments were made to the data to account for triggering probabilities. It is noteworthy that while the absolute quantitative measurements have large and unspecific uncertainties, the CPI and PN must have sampled quite similar crystal populations since they were connected in tandem on the same sample tube. Theoretically it is expected that the PN would have some bias toward the smaller of the crystals sampled by the CPI due to gravitational settling during transit from the CPI sample volume to the PN sample volume. Again, this bias is undetermined. The CPI were generally operated for approximately 12 to 18 h day Ϫ1 , unless an instrument was shut down because of electrical outages or other interruptions at SPS.
c. Experimental conditions
During the SPICE experiment, several episodes of diamond dust (or clear sky precipitation, see, e.g., Kikuchi and Hogan 1979) were documented. The data that are discussed in this paper were obtained on 25 January 2002. During the data-sampling time period (from 2256:00 to 2312:30 UTC), the pressure was 676.9 hPa, the surface air temperature and the dewpoint temperature were Ϫ30.0°and Ϫ32.2°C, respectively. We note in passing that the meteorological parameters are provided by the National Oceanic and Atmospheric Administration (NOAA) Climate Monitoring and Diagnostics Laboratory, Boulder, Colorado (Herbert et al. 1986 ). Diamond dust ice particles and optical-related 22°halo feature were observed during this period of measurements. Typical particle images sampled by the CPI are shown in Fig. 4 . Most particles were hexagonal ice columns or plates. Table 2 shows the percentage of ice crystal habits in terms of their number concentration, area, and mass for the considered sampling period. Results in Table 2 show that in terms of the area percentage contribution of crystal habits 48.5% was hexagonal plates, columns, or thick hexagonal plates/ columns, while about 18.8% was classified as irregular particles or complex crystals with side planes. If small plates and spheroids were not taken into account, the mean particle size was about 85 m during the considered time sequence.
The Monte Carlo ray tracing model
A Monte Carlo ray tracing method devised by Macke et al. (1996a,b) 
angular scattering intensities. Some modifications were made in order to adapt the code to the PN optical scheme (including the optical aperture of the receivers), that is, to provide the computation of 2D scattering patterns of a single ice crystal having a specified orientation in the sampling volume. The modifications do not affect the physical grounds of the code. The geometry of light scattering by a hexagonal particle is shown in Fig. 5 . The incident light direction is opposite to the axis Z. The scattering angle is defined as the angle between the scattering and incident-beam directions. The azimuthal angle is the angle between the axis X and the projection of the scattering direction onto the X-Y plane. The upward and downward ASIs correspond to ϭ 0°and ϭ 180°, respectively. The particle orientation is defined by the Euler angles ␣, ␤, and ␥. The case with zero values of all Euler angles is shown in Fig. 5 . The angle ␣ corresponds to the righthand rotation of the particle about the axis Z, the angle ␤ defines the right-hand rotation about the new axis XЈ, and the angle ␥ corresponds to the right-hand rotation about the new axis ZЈ.
An approximation of small-scale surface roughness based on tilted angle distribution is included in the Macke et al. (1996a,b) code. Each time a ray hits a crystal surface, the normal to this surface is tilted with respect to its original direction by a certain angle. The reflection and refraction directions are computed with respect to this tilted surface element. The tilt angle is defined by random numbers, which are uniformly distributed between zero and a given maximum value. It was found that measured ASIs are poorly modeled when the tilt angles are uniformly distributed within some interval. This was especially the case for the angular scattering intensities corresponding to the quasispecular reflection from one of crystal facets (see section 4). Consequently, we included in the code a new model of the azimuthally homogeneous roughness (see details in appendix). The model is based on the Weibull statistics (see, e.g., Dodson 1994) . The tilt-angles probability distribution function (PDF) is described by the scale and shape parameters. The approach incorporates the Cox and Munk (1954) model (see also Yang and Liou 1998) when takes the value of 1.0.
Air bubbles may be trapped inside rapidly growing ice particles (Macke et al. 1996b; Labonnote et al. 2000) . The Macke et al. code allows simulations of light scattering by internal inclusions. For the air bubbles model, we used the microphysical and optical parameters proposed by Macke et al. (1996b) . The mean free pathlength (MFPL) between two subsequent inclusions can be varied.
The modified Monte Carlo ray tracing code (hereafter the modified code) was thoroughly tested. For instance, it reproduces very well all peaks show by the trace 3 in Fig. 2 of Ulanowski et al. (2003) with, of course, identical input parameters. The peaks vanish if the particle is rotated with ⌬␤ higher than the half of the field of view of the receivers. On the other hand, the peaks are decreasing and broadening when is increasing.
A lookup table of the single ice crystal ASIs was generated using the modified code. The crystal is assumed to be a hexagonal column/plate. The input parameters are the three Euler angles, the aspect ratio of the ice crystal, the two parameters of the surface roughness, and the MFPL, respectively. The ASIs were calculated assuming: (i) the incident wavelength of 0.8 m, (ii) the complex refractive index for ice tabulated by Warren (1984) , and (iii) the ice crystal minimum dimension of about 20 m. It should be noticed that the normalized ASIs are essentially not particle-sizedependent in the range of PN documented scattering angles. Each angular scattering intensity was computed with the number of incident rays of 10 6 . Considering the number of the input parameters and corresponding grids, the lookup table generation is extremely time consuming. It was a little reduced by considering the symmetry of a hexagonal particle. The lookup table was used to fit the measured ASIs (at all 35 angles simultaneously) and then to retrieve the corresponding parameters of single ice crystals.
Interpretation of the scattering properties of single natural ice crystals a. Shortcomings of the lookup table interpretation
It should be stressed that an assessment of seven characteristics of a particle (the Euler angles, the aspect FIG. 5. Geometry of light scattering by a hexagonal particle. ratio, the surface roughness parameters, and the MFPL) on the base of the lookup table inputs from the measured ASIs is an extremely challenging task. This is due to not only the high number of the dimensions of the lookup table, but also to the essential nonlinearity of the relationship between the particle parameters and the ASIs. Therefore, when a maximum-likelihood method is used to solve the inverse problem, numerous solutions could be appropriate if errors of measurements are considered. For example, if the axis of a hexagonal column is perpendicular to the incident light (␤ ϭ 90°), the normalized ASIs are insensitive to the aspect ratio. Another example is that smooth featureless ASIs can be usually matched by a large set of different input parameters.
Consequently, retrievals were mostly performed for ASIs having distinguishing features characterized by a local maximum (or maxima) related to quasi-specular reflections. Because of the nonlinearity mentioned above, interpolation of the lookup table is not applied for the particle parameters retrievals. Instead, the parameters values are found for each case on the grid of the lookup table, and a set of intermediate solutions is considered according to the level of measurement errors. Around those solutions, the grid of the lookup table is refined, and the final solution is obtained from this refined grid. Of course, the described algorithm is time consuming, and it often requires operator supervision. However, such an approach assures more rigorous treatment of the nonlinearity. In addition, it should be noted that the logarithms of the ASIs are fitted and a weight matrix is used for considering the lower accuracy of the measurements in the range of scattering angles between 5 and 15 degrees compared to other angles (see Table 1 ). Also, there were fitted only those ASIs that belong to time periods where each occurrence of the signal from an ice crystal in the PN time series was surrounded by several strobes of the background signal. That is, the probability of fitting ASIs that were due to two particles was very low.
b. Interpretation of the results
The overwhelming majority of the recorded ASIs reveal strong distinguishing features. A representative example of such angular scattering intensities measured at 2300:16.52 UTC is shown in Fig. 6a . The upward and downward measurements are plotted with full circles and open triangles, respectively. Results of Fig. 6a highlight a very well-marked upward peak centered at ϭ 68°with a magnitude even higher than the scattering intensity at 5.8°. [The broadness of peaks was also observed by Ulanowski et al. (2003) during the hexagonal glass fiber experiment.] A smaller local upward maximum is also observed at 141°. Concerning the downward feature, the scattering angles are less documented: 9 angles against 26 for the upward side (see Table 1 ). However, Fig. 6a shows that a peak value at 109.5°is about 30 times higher than the neighbor values. Figure 6a also superimposes the model results (black and gray curves for upward and downward angles, respectively) of the observed data. The agreement is good enough to reproduce most of the distinguishing features of the observed ASIs for both upward and downward angles between 20°to 125°. The most important achievement is that the model simulates very well the quasi-specular reflection. We note in passing that the term quasi-specular is used to describe a reflection from a rough surface, which differs from the perfect plane specular reflection, that is, the deltalike peak of the intensity. The better agreement is obtained when the roughness parameter takes the value of 0.75; but it becomes not so good when is restricted to 1.0 (the Cox-Munk roughness model). From the analysis of the 2D scattering patterns of the corresponding pristine crystal, the 68°and 109°local maxima are due to the quasi-specular reflection from the side and the hexagonal facets, respectively. According to the orientation of the ice crystal (see Euler angles retrieved values below), the peaks of the reflections were directed alongside the receiving photodiodes. Therefore, the measured ASIs correspond to the wings of the pattern of the quasi-specular reflection. Figure 6a reveals significant differences between the observed and model ASIs for scattering angles ranged from 125°to 160°. These differences are much larger than the measurement error estimates and cannot be attributed to instrument shortcomings. As a matter of fact, the featureless ASIs were well reproduced when nonsymmetric ice crystals were sampled (Baran et al. 2005) . In addition, the scattering phase functions of water clouds, measured by the PN during other field campaigns, were found in very good agreement with the corresponding microphysical data and the Mie theory (Gayet et al. 2002) . Consequently, the discrepancies at backward angles may be attributed to the model, which probably does not consider unexpected optical interactions within the structure of the ice crystals.
The retrieved parameters of the ice crystal are listed in Table 3 (case A). We note in passing that the error range in the estimates shown in Table 3 corresponds to a projection of the measurement errors into the space of the assessed parameters. The three Euler angles are 268°, 34°, and 34°, the aspect ratio is 5 (elongated column), the roughness parameters and are 0.75 and 0.1, respectively. The estimated size parameter (D ϭ 71 m) of the ice crystal is also reported in Table 3 .
Here, D is the diameter of the circle circumscribing the hexagonal facet of the ice crystal. Table 3 reports the MFPL ratio, which is equal to the mean free pathlength divided by the parameter D. The ratio is quite high. It means that a scattering pattern of such a kind corresponds to particles having a small amount of internal inclusions. And, the effect of air bubbles on the ASIs is rather small in this particular case. As explained in section 2, a single ice crystal sampled by the PN cannot be exactly identified within the CPI images (and vice versa). Nevertheless, very close to the PN sampling time, the measured CPI images reveal that hexagonal ice columns or plates are the most probable coincident ice particles. Another representative example is shown in Fig. 6b with the same symbols as in Fig. 6a . The ice crystal was sampled at 2257:02.47 UTC. The results highlight three local maxima of the upward ASIs at the scattering angles of 29°, 85°, and 148°. From the analysis of the 2D scattering patterns of the corresponding crystal, the first maximum (29°) corresponds to the refracted rays passed through the crystal, the second one (85°) is the wing of the quasi-specular external reflection, and the third (148°) is due to internal reflections. The agreement between the model and the experimental data is quite well. The first two maxima of the upward ASIs are very well fitted. The model predicts the maximum at 148°but with the narrower angular distribution and the lower magnitude comparing to the PN observation. As in the previous example, discrepancies are evidenced at the backward angles. The retrieved parameters are listed in Table 3 (case B). The aspect ratio is 2.5 (elongated column) and the size parameter is evaluated to 27 m.
Despite that smoothed ASIs features represent only a few percent of the overall optical properties of the considered samples, we display on Fig. 6c is much higher than in Fig. 6d . The retrieved ice crystal parameters are reported in Table 3 (cases C and D, respectively). Numerical simulations related to the case C (Fig. 6c) clearly showed that the model ASIs are sensitive to rotation of the particle. Furthermore, the assessed value of the MFPL ratio (see Table 3 ) is close to those ones of the cases A and B. In other words, the scattering pattern is little affected by internal inclusions. The minimum of the ASIs becomes less pronounced with decreasing of the MFPL value. The aspect ratio of the particle is found to be unity with the size parameter evaluated to 44 m. All the above means that the case C may be a hexagonal ice crystal, which was so orientated that straight rays, refracted and reflected, went past the receiving photodiodes.
As for the case D (Fig. 6d) , the retrieved results and the model ASIs are much less sensitive to the Euler angles. The MFPL ratio is considerably lower than in the above-discussed cases. The corresponding amount of internal inclusions along with the high value of the roughness parameter lead to smoothed featureless scattering patterns, which have no clearly pronounced peaks. Furthermore, the ASIs have the properties similar to those ones of phase functions observed for polycrystals and irregular ice particles (see, e.g., Baran et al. 2005) . Considering that, one may suggest that the case D is a nonsymmetric irregularly shaped ice crystal. The case D supports the hypothesis that the sensitivity to the particle shape of the scattering pattern of a large ice crystal decreases with increasing of the surface roughness and amount of internal inclusions. Figure 6e shows an example when the 2D scattering patterns correspond to a hexagonal plate. The estimated value of the aspect ratio is of 0.5 Ϯ 0.25 (see Table 3 , case E). The ice crystal was sampled at 2304:29.34 UTC. The local maxima at 140°upward and at 40°downward angles are due to wings of the quasispecular external reflections from the side and hexagonal facets, respectively. Other maxima are formed by rays having internal reflections. The discrepancy between the measured and model ASIs in the downward angle range from 110°to 150°could be due to a crystal deviation from the ideal hexagonal shape. This suggestion follows from the fact that there is a noticeable local maximum at the 136°downward angle when the Euler angle ␥ is of 28°, that is, 4°away from the estimated value.
Discussion
The methodology described above was used to investigate the variability of microphysical properties of ice particles. A thousand of the recorded ASIs were pro-TABLE 3. Retrieved values of the ice crystal parameters related to four examples of measurements: the three Euler angles ␣, ␤, and ␥, which define the particle orientation; the aspect ratio; the surface roughness parameters and ; the MFPL ratio; and the diameter D of the circle circumscribing the hexagonal facet an ice crystal.
Parameter
Case A Case B Case C Case D Case E cessed on the standard grid of the lookup table and about one hundred of the ASIs were modeled with the grid refinement and the operator supervision. The retrieved particles characteristics were found to vary in the following ranges. The roughness parameter takes values between 0.73 and 0.77. These values indicate that the probability density function of the tilt angle is sharper than it follows from the Cox-Munk model. The parameter is within the range of 0.05-0.25, which corresponds to a deeply rough surface according to the classification of Yang and Liou (1998) . The aspect ratio takes values from 0.3 to 5 indicating a wide range of geometrical properties of plates and elongated columns as observed from the CPI images (see Fig. 4 ). The MFPL ratio is of 8 or higher. The best fitting of the measured ASIs was occasionally achieved without considering the internal inclusions effect. The model, as a rule, follows quite well the main features of the measured ASIs. Especially as shown in Figs. 6a,b, the maxima of the quasi-specular reflection are usually very well fitted. At the same time, we have not succeeded to achieve the flawless agreement. The discrepancies between the model and the experimental data correspond to the rays, which pass through the crystal and are then scattered toward the backward directions. These discrepancies are larger than the measurement errors, and they may be explained from hypothesized optical phenomena, which are responsible for rays spreading in the interior of the ice crystal.
Among these hypotheses we can mention soluble absorbing materials that might affect optical properties of ice. Accordingly, the imaginary part of the refractive index might vary within a large range. Internal ice structures, which form hollow columns, for instance, can be clearly evidenced from CPI images (see Fig. 4 ). Several types of random number generators can be proposed as a mathematical model of the probability distribution function of the subsequent tilt angles. There is no information about the effective size of internal inclusions and related optical properties. Consequently, the following characteristics and parameters of the model can be revised: (i) the value of the imaginary part of the ice refractive index, (ii) the crystal shape (hollow or pyramidal particles, bullets), (iii) statistics of surface roughness, and (iv) the effective size of air bubbles.
Effects of all above listed items and all their combinations were investigated. For example, the depth of the cavities and the height of the pyramidal tops varied over a wide range, and the asymmetry parameter of the air bubbles phase function took values from 0.5 to 0.9. It turns out that the listed modifications do not noticeably improve the agreement between the model and the observations at scattering angles ranged between 125 and 160 degrees without a significant degradation in the fitting of the quasi-specular reflection. In our opinion, the discrepancies are due to other physical properties of crystals. For instance, it can be frequently observed from CPI images that particles are not homogeneous. There are internal structures, which look like variations of the density. The subsequent variations of the refractive index may significantly affect directions of propagation of rays passing through the crystal. Besides, the angles between the crystal side facets could differ from those ones of an ideal hexagonal particle and the diffraction on crystal facets could deflects ray traces . This should be a subject of future investigations.
On the other hand, the ray tracing approach is an approximation that follows from the exact theory. Generally, an approximation should have deviations. Even when the particle surface is very smooth and has only a few elements, one needs very large size parameters in order to reduce considerably the geometrical optics errors (Mishchenko and Macke 1999) . It would be better to model ASIs using an algorithm strictly based on the electromagnetic theory and, in particular, include explicitly the effects of diffraction on individual surface elements (microfacets), which tend to spread the scattered light around the specular reflection or the refraction direction (Mishchenko et al. 1997) . But, there is no one single currently available method that can compute the single-scattering properties of ice crystals over the large size range (see, e.g., Baran 2004) . And, in our opinion, the ray tracing approach is the best model that is available and provides possibility to compute scattering characteristics of ice particles having high values of the size parameter.
The above study discusses single particle scattering properties, and in turn it is interesting to assess the contribution of all the single events documented during the considered sample. Figure 7 displays the mean ASI (black line) obtained by averaging the measurements recorded during the 16-min time interval (7833 ice particles). Despite a very high scattering angle variability of the distinguishing ASIs features of single events (see examples in Fig. 6 ), it is quite satisfying to observe on Fig. 7 a rather well-known scattering phase function because the sample corresponds to an ensemble of randomly oriented particles of different habits, sizes, and aspect ratios. The 22°halo peak is well marked, and is the feature that is confirmed by the observations made during the experiment. On the contrary, the 46°halo peak is almost totally smoothed, which is consistent with the experimental conditions too. The model ASIs are also shown in Fig. 7 . They correspond to an ensemble of randomly orientated hexagonal crystals hav-ing rough surface with the parameters ϭ 0.75 and ϭ 0.1. Two aspect ratio values of 0.5 (dashed curve) and 5.0 (gray curve) are considered. The three curves are normalized at ϭ 43°. The results show that the main observed features are well modeled for scattering angles smaller than about 120°. The observed minimum around 130°and the "ice bow" around 155°are much less pronounced in comparison with the model results. Barkey et al. (2002) also reported discrepancies between observations and modeling for backward angles during laboratory experiment related to columnar shaped ice crystals. This may well be attributed to the variations of the properties of the sampled ice crystals. For instance, about 18.8% was classified as irregular particles or complex crystals with side planes (see Table  2 ). On the other hand, this might be the outcome of the discrepancy that was discussed in section 4b.
Conclusions
During the South Pole Ice Crystal Experiment (SPICE) carried out at the Amundsen-Scott South Pole Station in the austral summer of 2002, the polar nephelometer and the cloud particle imager (CPI) were deployed in order to simultaneously measure scattering and microphysical properties of natural ice crystals. Diamond dust ice particles and the optical-related 22°h alo feature were observed during the period of measurements considered in the paper.
For the first time, angular scattering intensities (ASIs) of single ice crystals formed in natural conditions were measured. These intensities exhibit extremely high variability in magnitude and distribution over scattering angles. The very well-marked peaks are undoubtedly attributed to quasi-specular reflections from crystal facets and the refracted rays passed through the ice crystals.
A lookup table of ASIs was computed using a ray tracing code adapted to the PN optical characteristics. The input parameters of the lookup table represent most of the crystal properties, including internal inclusions, and a new model of the surface roughness, which assumes the Weibull statistics. The model ASIs reproduce the overwhelming majority of the distinguishing features of the observed measurements and therefore trace very well the quasi-specular reflections. The retrieved properties of the considered ice particle sample show that the roughness parameter takes values between 0.73 and 0.77. These values indicate that the probability density function of the tilt angle is sharper than it follows from the Cox-Munk model. The parameter is within the range of 0.05-0.25, which corresponds to a deeply rough surface, and the aspect ratio takes values from 0.3 to 5 indicating a wide range of geometrical properties of plates and elongated columns. The mean free pathlength ratio is of 8 or higher.
Discrepancies between the model and the experimental data are pointed out. They correspond to the rays, which pass through a crystal and are scattered into the backward directions. These differences are much larger than the measurement error estimates and may not be attributed to instrument shortcomings. Consequently, the discrepancies at backward angles may be attributed to the model, which probably does not consider unexpected optical interactions within the structure of ice crystals. This should be a subject for future investigations.
Despite the very high scattering angle variability of the ASIs features of single events, the mean scattering phase function related to the overall contribution of single events (7833 ice particles) exhibits the wellknown scattering feature because the sample correspond to an ensemble of randomly oriented particles of different habits, sizes and aspect ratios. The 22°halo peak is well marked and is confirmed by the observations made during the experiment. The main observed features are well modeled for scattering angles smaller than about 120°. The observed minimum around 130°a nd the ice bow around 155°are much less pronounced in comparison with the model results. This might be the outcome of the discrepancies that was discussed above.
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APPENDIX

Model of the Surface Roughness
In this section, we follow the notations used in the paper by Yang and Liou (1998) . We assume that a rough surface is composed of a number of small facets, which are locally planar and randomly tilted from their positions corresponding to the case of perfectly plane surface. Let the Z axis indicate the direction normal to the mean position of the particle surface. The tilt of the facet is specified by its normal direction that can be given in terms of two angles, and . (Nevertheless the notations are the same; there is nothing common with the scattering angles used in the previous sections.) The slopes of a facet along the X and Y direction are given as follows (Yang and Liou 1998 where ϭ cos. The derivatives in Eqs. (A1) and (A2) are confined on the facet. The tilt distribution is supposed to be azimuthally homogeneous, that is, independent of the angle . We propose to specify the characteristic as a twoparametric one, that is, its probability distribution function should depend on the scale parameter and the shape parameter . The last one determines the kurtosis of the PDF. In a stochastical manner, the roughness characteristics can be specified as follows:
where t 1 and t 2 are random numbers distributed uniformly in the range of (0, 1). Considering the relationships (A1)-(A2), the random number generators (A3)-(A4) lead to the following PDF of the slopes of a facet:
͑A5͒
It is seen from Eq. (A5) that statistics of the parameter Z 2 x ϩ Z 2 y corresponds to the Weibull distribution (Dodson 1994) . Accordingly, we consider the proposed model of the surface roughness as based on the Weibull statistics. The Weibull distribution is widely used because of its simplicity and flexibility. It allows not only scaling, but also variation in large range of the shape and kurtosis of the probability distribution function. When the shape parameter takes value of 1.0, Eq. (A5) is reduced to a 2D Gaussian distribution and Eq. (A3) is coincident with Eq. (2.7) of (Yang and Liou 1998) .
For other applications that deal with a rough surface, it is useful to present the PDF of ϭ cos
͑A6͒
which corresponds to the random number generator (A3).
